Guanylate cyclase liberates pyrophosphate from guanosine triphosphate (GTP). In studies published previously, this phosphate is trapped by lead ions even though it is known that free lead ions inactivate a considerable proportion of this enzymatic activity. To overcome the damaging effects of fixation, this study used fresh cryostat sections stabilized with a sufficient concentration of a cobgemderived polypeptide to ensure no measurable loss of guanylate cyclase activity. To avoid the damaging influence of free lead ions, we used a hidden metal capture reagent, i.e., a complex of lead
Introduction
Guanosine triphosphate (GTP) is the substrate for two distinct classes of enzymes. The first, the guanosine triphosphatases, are located mainly in the plasma membrane (Marsh and Goode, 1993) . The second class is that of the guanylate cyclases, which catalyze the formation of cyclic guanosine monophosphate. Some of these occur in various membranes, and others are cytosolic (Waldman and Murad, 1987) . Interest in the guanylate cyclases has increased since the discovery that the form that is associated with the plasma membrane is stimulated by atrial natriuretic peptide, whereas the soluble form of the enzyme is stimulated by nitric oxide (NO) generated by NO synthase (Stuehr and Griffith, 1992; Waldman and Murad, 1987) .
Histochemical studies of guanylate cyclase activity have generally been performed on tissues fixed in a glutaraldehydelparaformaldehyde fixative, which has been shown to cause 50% inhibition of the enzymatic activity (Kang et al., 1982) . The histochemical methods for demonstrating guanylate cyclase activity have used lead ions to precipitate the phosphate that is liberated by this activity. This is analogous to many early histochemical studies on Na', K'-ATPase activity. These methods were finally discounted because Supported by the Special Trustees of the Charing Cross and Westminster Hospital Medical School and by a Travel Grant from the Wellcome Trust (JW).
Correspondence to: Dr. S. Mehdizadeh, Endocrine Laboratory, Charing Cross and Westminster Medical School, Fulham Palace Road, London W6 8RF, UK. ammonium citratelacetate that does not react with GTP but which rapidly forms a precipitate with the pyrophosphate liberated by the enzyme. The lead precipitate is then converted into the colored sulfide which is measured in individual cells by microdensitometry. This system was used to measure guanylate cyclase activity in individual cells in unfixed sections of rat liver. ( J Hisrochem Cytochem 43:1235-1239, 1995) KEY WORDS: Guanylate cyclase; Rat h e r ; Unfixed cryostat sections. lead ions cause a non-enzymatic hydrolysis of ATP, in solution before the substrate reaches the section, and because lead ions also strongly inhibit the enzyme (Beeuwkes and Rosen, 1975,1980; Ernst, 1972) .
Similar problems beset the use of free lead ions to demonstrate guanylate cyclase activity. Schulze and Krause (1983) showed that only about 30% of the guanylate cyclase activity in homogenates of cardiac muscle was retained after standard cytochemical pretreatment (glutaraldehyde fixation and the use of a lead salt). They referred to publications by three other groups in which only 15-20% of the original activity of this enzyme was preserved. Despite this drastic loss of enzymatic activity, many studies have been performed, particularly by electron microscopy, in which a lead salt was used to trap any liberated phosphate. It might be argued that these methods demonstrate a proportion of the guanylate cyclase activity overall but, particularly in view of the remarkable lack of cytosolic staining disclosed by these methods, even in tissues in which it is known to constitute the major form, it may be that only membrane-bound activity survived such treatment.
To avoid the deleterious effect of chemical fixation, recourse has been made to the use of fresh cryostat sections. In a series of studies it has been shown that samples of tissue can be chilled in hexane at -70°C and sectioned at -25°C (well below the last ice-water triple point) (Chayen and Bitensky, 1968 ) without producing ice either inside or outside the cells. The sections must be flash-dried to avoid precipitation of the chilled water (e.g., Chayen, 1978a Chayen, , 1980 . In this procedure of flash-drying, a warm slide (e.g.. 20°C) is apposed to the knife (at -7O.C). When there is a gap of about The guanylate cyclase reaction in a section of rat liver. The stain is predominantly in the cytoplasm, with some dense regions. (b) A serial section reacted for the same length of time in reaction medium that lacked the substrate. There is virtually no staining: it was necessary to stop-down the condenser lo achieve enough diffraction to produce a photograph. Bars = 20 pm. 2 mm between the slide and the section, with a temperature gradient of 9 O " C , water boils off the section on the knife, impelling the dry section onto the slide. Such sections are liable to lose much soluble material into an aqueous reaction medium. This loss is prevented by having a sufficient concentration of a suitable colloid stabilizer, such as Polypep 5115 (Sigma; Poole, UK), derived from collagen. Even at the required concentration of 35% (w/v) this stabilizer remains fluid. These techniques have been discussed by Chayen and Bitensky (1991) . To overcome the problem of the effect of free lead ions, a complex of lead ammonium citrate with acetate (LACA) was developed (Chayen et al., 1981) which does not react with ATP or GTP in solution but which does respond to free phosphate ions, as liberated by enzymatic activity, precipitating them as a lead phosphate. As in conventional methods, this can then be converted to the colored lead sulfide which can be measured by microdensitometry in histologically selected cells in a tissue section (Chayen, 1978b) . In an earlier study on renal Na',K'-ATPase activity it was shown that the proportional activity of this enzyme in different regions of the nephron agreed with those that had been reported by microchemical procedures (Chayen et al., 1981) . This earlier method formed the basis for the highly sensitive bioassay of the anti-diuretic hormone (Baylis, 1983) . It has been used by Hersey et al. (1985) to define the sensitivity to ouabain in different regions of the rat nephron.
It therefore seemed appropriate to adapt this procedure to the measurement of guanylate cyclase activity in individual cells in tissue sections. The application of this assay for estimating NO synthase activity is described in the companion communication.
Materials and Methods
Female Wistar rats of about 200 g body weight were sacrificed by cervical dislocation. Pieces of the liver, about 5 mm3, were chilled by precipitate immersion in n-hexane (low in aromatic hydrocarbons grade) (BDH; Poole. UK) at -70°C. After 1 min they were removed using forceps chilled with dry ice, shaken free of hexane, and transferred to cold, dry tubes at -70'C containing a small piece of filter paper to remove any residual hexane. Within a few hours they were sectioned at various defined thicknesses in a cryostat that was fitted with an automatic drive (Bright Instruments; Huntingdon, UK) to ensure constant section thickness (Chayen, 1980) . The temperature of the cabinet was kept at -25°C and the knife was cooled with solid COz. The sections were flash-dried and stored briefly over silica gel in a desiccator at room temperature.
After the reaction (see below) the sections were rinsed in water, dried in air, and mounted in absolute glycerine. The reaction product in individual histologically defined hepatocytes within the sections was measured by a Vickers M85A scanning and integrating microdensitometer (Biorad Instruments; York, UK) with a x 40 0.6 NA objective, spot size 1, with light of 585-nm wavelength with a mask of 20-pm diameter to encompass individual hepatocytes. Twenty cells were measured in each of the duplicate sections. The results were converted to units of extinction by suitable calibration (Chayen, 1980) and expressed as the mean integrated extinction (MIE) x 100.
Unless otherwise specified, all reagents were obtained from Sigma. Method. Tissue is chilled (as described above). It is sectioned at 14 pm in a cryostat with a cabinet temperature of -25°C and with the knife cooled with CO2 ice (Chayen and Bitensky, 1991) . As each section is cut and adhered to its glass slide (taken from the ambient temperature of the labora-tory), it is put over silica gel in a desiccator at room temperature (as discussed by Chayen and Bitensky, 1991) .
With minimal delay the sections are reacted in a medium consisting of the following:
Guanosine triphosphate, lithium salt LACA (dissolved in a minimal concentration of The sections are reacted at 37°C for 20-40 min (for rat liver). They are then washed in a 2% solution of Polypep 5115 in distilled water and blackened by immersion in a 0.5% aqueous solution of ammonium polysulfide that has been brought to pH 7.4 with dilute HCI.
The sections are then rinsed in water, dried in air, and mounted in absolute glycerine. The reaction product in individual cells is measured with a Vickers M 85A scanning and integrating microdensitometer with a x 40 objective, NA 0.6, with light of 585-nm wavelength.
Results

PreZiminary Studies: Effect of Dzfferent Concentrations of GllD
Sections (10 pm thick) were reacted for 40 min in the presence of various concentrations of the lithium salt of GTP in a medium consisting of 40% Polypep 5115 (as stabilizer) in 0.2 M Tris buffer, pH 7.4. The sections were then rinsed in a 2% solution of Polypep 5115 to remove the reagents. The sections were then immersed in a dilute solution of ammonium polysulfide (0.5%), brought to pH 7.4 to convert the precipitated lead phosphate to the colored lead sulfide, rinsed in distilled water, and mounted in glycerine. For comparison, other sections were reacted with a similar medium that lacked the substrate or in a medium that contained all the constituents except for the stabilizer.
In sections that lacked the stabilizer there was strong coloration that appeared to be associated only with the cell borders. There was little reaction in the absence of the substrate. In contrast, in sections that were incubated with the complete medium there was good staining of the cytoplasm, which increased with time of reaction. There was no staining in the nuclei but frequently the cell boundaries were strongly stained (Figure la) . There was virtually no staining in sections treated with the reaction medium lacking substrate (Figure 1b ).
Activity increased with increasing concentration of the substrate (Figure 2) . Because of the cost of the substrate, further reactions were done with 10 mM of the substrate.
Retention o f the Enzyme
To check that the soluble guanylate cyclase was retained inside the sections, recourse was made to retention experiments (as described in detail by Chayen and Bitensky, 1991) . In these, two sections were reacted for 20 min and two for 40 min. A further two were reacted first for 20 min; the reaction medium was taken off the sections and fresh medium added to them; and they were then reacted for another 20 min. If the soluble enzyme was lost into the first medium, there would be no increase in staining as a result of the second 20-min reaction in fresh medium. We found that the first reaction for 20 min gave a response of 12.0 t 0.2; continuation in the same medium for a total of 40 min gave a value of 22.7 i 0.7; the '20 + 20" split incubation gave 20.8 2 0.5. The slight decline in the split reaction could be due to the time required for the fresh substrate to penetrate into the sections.
In a study done towards the end of these investigations (in relation to investigating NO synthase activity), we found that 35% Polypep 5115 in the reaction medium gave higher activities with no impairment of retention. The 15-min reaction gave a value of 17.9 t 0.2; the response to a 30-min reaction was 53.2 2 0.8; and the effect of a "15 + 15" split reaction was 53.7 r 0.6. These values were appreciably higher than those obtained with 40% Polypep 5115 under the same conditions. Consequently, the final recommended concentration of the Polypep 5115 was 35%.
Under these conditions we also found that pre-incubating sections in the full medium but lacking the substrate for 15 min and then reacting in the full medium for 30 min gave very similar results to those obtained by reacting duplicate sections directly in the full medium. It therefore appears that the distribution of the guanylate cyclase activity, as demonstrated by this technique, is not affected by the procedure. There was no change in the distribution of the reaction product induced by the pre-treatment. 
Effect o f Inhibitors of Other Phosphatases
The substrate used in these studies could be hydrolyzed by acid and alkaline phosphatases as well as by the guanylate cyclase. To assess the contribution made by these enzymes to the reaction done at pH 7.4, some sections were reacted with the medium for guanylate cyclase activity; others had the same medium to which either L-p-bromotetramisole (0.4 mM, to inhibit alkaline phosphatase activity) or sodium fluoride (10 mM, to inhibit acid phosphatases and glucose-6-phosphatase) was included in the reaction medium.
In sections (14 wm thick) reacted with no GTP, negligible absorption was recorded (2.8 t 0.1 units of extinction per cell); when GTP was included in the reaction-medium the value was 12.9 t 0.2; bromotetramisole had little effect (12.1 t 0.4), whereas sodium fluoride did slightly decrease the staining (10.3 0.3). However, it was considered advisable to include both inhibitors in further studies.
Possible Effects o f Other Phosphatases
Despite the fact that sodium fluoride and bromotetramisole were included in the reaction medium, we considered it necessary to confirm that the activity of acid and alkaline phosphatases was not contributing appreciably to the reaction product at the pH at which this test was done (pH 7.4). In addition, it was conceivable that the cyclic GMP generated from GTP by the action of guanylate cyclase could be converted to guanosine monophosphate (GMP) by the action of cyclic GMP phosphodiesterase activity. This GMP could be hydrolyzed by a nucleotidase, this generating additional phosphate.
To test any possible contribution of such additional enzymatic activities, rat liver sections were tested in the presence and absence of GTP (IO mM) or with equimolar concentrations of either sodium [3-glycerophosphate or GMP. As expected, the activity recorded in the presence of sodium P-glycerophosphate was virtually identical to the activity recorded in the absence of GTP (1.8 * 0.1 compared with 1.5 t 0.1). The activity recorded in the presence of GTP was 18.6 t 0.3. Even with an equimolar concentration of GMP, the activity was only 5.3 * 0.1. Consequently, even in the unlikely event that all the cyclic GMP was converted to GMP during the 30-min incubation, the contribution ascribable to the GMP nucleotide monophosphatase would be slight.
Effect of Section Thichess
The activity for cells in sections cut at three different thicknesses was measured after three reaction times (Table 1) . At 20-min reaction time the activity in the 14-pm sections was equivalent to 1 unit of activity for each micrometer of thickness. For the 10-pm sections the activity at 20 min was relatively low; it increased proportionally from 20 to 30 min but became disproportionately high at 40 min. The activity in the 18-pm sections increased proportionally with time but the activity per unit thickness was less than in the 14-pm sections. It therefore seemed that the best thickness for these sections of rat liver was 14 pm.
Effect of Azide
Sodium azide inhibits GTPase activity (Waldman and Murad, 1987) and enhances the activity of guanylate cyclase. To test the effect of azide in the present system, sections were reacted in the medium to which different concentrations of sodium azide had been added. The results (Table 2) showed that, up to a particular concentration, which varied in different experiments with liver from different rats, azide inhibited the overall recorded activity. At higher concentrations the activity returned to the level found initially and sometimes exceeded it. Consequently, it seemed that an adequate concentration of azide could be used to inhibit the GTPase activity and thus differentiate such activity from that of guanylate cyclase.
Characteristics of the Reaction
The activity in 14-pm sections at different pH values was measured in the presence of 35% Polypep 5115 and 2.5 mM azide (Fig. 3) .
The maximal activity was found to be around pH 7.4. The activity elicited in media lacking the substrate showed a small concentration of material that absorbed maximally at pH 8.0. This absorption due to the carrier medium could explain the deformity of the pH profile around this pH. At pH 7.4 the activity increased linearly with time: 10.6 2 0.4, 20.4 f 0.8, and 30.0 .r-0.6, at 20, 40, and 60 min, respectively.
Specz3city
To test whether the responses were specific for guanylate cyclase, duplicate sections for each of the three treatments were reacted for 30 min at pH 7.4 in 35% Polypep 5115 with 2.5 mM azide. The first duplicate sections were reacted with no substrate, the second with GTP, and the third with ATP (both at 10 mM) as the substrate. In the absence of any substrate the measured activity was 7.6 r 0.2, with GTP it was 27.2 2 0.4, and with ATP it was 13.8 2 0.3. It seems, therefore, that under these conditions and in sections of this tissue, the reaction was largely specific for guanylate cyclase activity.
Discussion
GTP is the substrate for the enzyme guanylate cyclase, the activity of which liberates pyrophosphate and cyclic GMP.
Several workers have attempted to measure guanylate cyclase activity histochemically, using lead ions (generally as lead nitrate) to precipitate any pyrosphosphate that might be liberated by this activity. The pH of the reaction medium appears to be somewhat arbitrary (pH 7.4-8.5 in different publications) . No evidence has been published regarding an optimal pH under such conditions. Of greater concern, as discussed above, is that the various pretreatments and the use of free lead ions have allowed only very low levels of the activity to remain in the sections.
In contrast, the present method is based on the previous quantitative histochemical procedure for Na',K'-ATPase activity, which formed the basis of a precise microbioassay for the anti-diuretic hormone (Baylis, 1983) . The reaction medium contains sufficient sodium azide to largely inhibit any GTPase activity in this tissue. Despite the fact that the reaction was done at pH 7.4, which is far from the optimal pH for alkaline phosphatase activity (pH 9.4 in these sections) (Howat and Chayen, 1983) and for acid phosphatase activity (pH 4.5 to 5.5). (Morton, 1961) we considered it advisable to measure whether the specific inhibitors for these enzyme activities had any effect on the amount of reaction product generated in the presence of GTP. Even at the optimal pH of these enzymes, L-p-bromotetramisole at 0.1 mM inhibits liver alkaline phosphatase activity completely (Borgers and Thoni, 1975) , and sodium fluoride is a potent inhibitor of acid phosphatase in liver (Gomori, 1952) . In the present study, when GTP was used as the substrate at pH 7.4, L-p-bromotetramisole (0.4 mM) had little effect and sodium fluoride (10 mM) only slightly decreased the staining. Nevertheless we considered it advisable to include both these inhibitors in the reaction medium, To further substantiate the minimal contribution, if any, of either an acid or an alkaline phosphatase at this pH, and in the presence of the inhibitors of both type of phosphatase, it was shown that sodium b-glycerophosphate at a concentration equal to that of GTP had virtually no effect.
When ATP was substituted for GTP at equimolar concentrations, the response was much less. Consequently, any contribution due to endogenous ATP in the sections was likely to be negligible. The potential interference in the specificity of the reaction was tested further by using GMP instead of GTP at an equivalent concentration in the reaction medium. Such a high concentration of GMP is unlikely to be achieved at this time (30 min) in the normal reaction. The results indicated that the contribution from GMP nucleotide monophosphatase activity was likely to be negligible. The specificity of the proposed reaction for demonstrating guanylate cyclase activity is further enhanced by two factors that are used in biochemical studies to characterize this enzyme. The first is the fact that this activity is stimulated by sodium azide (Waldman and Murad, 1987) ; the second is the stimulation produced by NO generated by the activity of NO synthase (Stuehr and Griffith, 1902) . as described in the accompanying communication.
The optimal pH for the guanylate cyclase in sections of this tissue has been determined (Fig. 3) .
The present procedure differs from others in a number of aspects. First, the tissue is chilled rapidly to -7O"C, which has been shown to produce no evidence of the formation of ice (as discussed in Bitensky, 1968,1991) . Second, it is cut at a temperature below the last triple point of the ice 3/liquid/ice 5 formation of ice (Tammann, 1900, cited in Chayen and Bitensky, 1968 ). The section on the knife is flash-dried (Chayen, 1978a) . The reaction is done in the presence of 35% Polypep 5115, which retains the enzyme even when the medium is removed from the section and replaced with fresh medium, as shown by the results on the retention of the enzyme (see above). Moreover the liberated pyrophosphate is not trapped by free lead ions, which can be deleterious, but by the lead ammonium citrate/acetate complex (LACA) which does not react with the substrate; pyrophosphate displaces the lead from its complex and precipitates it (as discussed in Chayen et al., 1981) . Consequently, there is no free lead to inactivate the enzyme.
To protect the precipitate during washing, the sections are washed in a dilute solution of the Polypep 5115 to remove any residual reaction medium. After blackening, the activity in individual cells is measured by a Vickers M85A scanning and integrating microdensitometer, the use of which has been discussed by Chayen (1978b) . This general system has been used for the highly sensitive microbioassay of polypeptide hormones and for calibration of standard reference preparations of polypeptide hormones by the World Health Organization's Collaborating Laboratory for Cytochemical Bioassays (see also Chayen, 1978a Chayen, ,1980 . It was of interest that the guanylate cyclase activity did not always increase linearly with time. Thus, as shown above, in sections of the liver from some rats there was a distinct lag period that indicated a need for the enzymatic activity to become fully activated; this was not seen in others. It will be of interest to see whether the lack of a lag phase could be due to the enzyme having been activated by endogenous NO synthase activity in life (as considered in the subsequent communication).
